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Abstract
ESS Bilbao is a research facility already in the initial construction stages that will host an accelerator-driven
neutron source. It consists on a phased approach and its ﬁrst phase considers the operation of proton beams accelerated
up to 40 MeV, currents within 25 75 mA, and 20 Hz repetition rate with a 1.5 ms pulse length. Such accelerator
parameters will allow a low intensity neutron-source to be conﬁgured with a power in the 30 90 kW range, and a
neutron production close to 0.05 n/p. With these conditions, two rotatory target conﬁgurations are presented, one for
low energy ( 30kW) and one for mid energy ( 90kW).
c© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of UCANS.
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1. Introduction
The strategy of building a MW-range, accelerator-based spallation neutron source as the next generation neutron
facility for Europe is at present under scrutiny on the basis of experience gained during commissioning of the SNS in
the US and the JPARC facility in Japan as well as from current operational experience achieved by high throughput
installations such as the ISIS source at the U.K. The underlying technology has however advanced since the time
when previous generation facilities reached ﬁnal design stages and therefore time is now ripe to learn from ongoing
experience and deﬁne the development areas which would allow the ESS to beneﬁt from recent advances in technology
while maintaining a reliable, low risk, design.
Within the current European context, ESS-Bilbao (ESSB) has entered a new endeavor within which while being a
partner of the ESS project aims to develop signiﬁcant in-house capabilities needed to support the country participation
in a good number of accelerator projects worldwide (IFMIF/EVEDA, LINAC4, FAIR, XFEL, ESRF upgrades, ISIS-
FETS etc.). On such grounds ESSB has started the construction of a modular, multipurpose research accelerator which
should serve as a benchmark for components and subsystems relevant for the ESS project as well as to provide the
Spanish science and technology network with hands-on experience on power accelerators science and technology, a
task long overdue.
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The present document reports on the development of ongoing projects which basically comprise the construction
of the room temperature accelerating structures plus some prototyping of a ﬁrst demonstration cryomodule comprising
two superconducting spoke resonators, as well as some foreseen applications of the generated proton and neutron
beams. The current concept entirely deals with a proton / H- accelerator facility, being the possibility of using a
common low-energy injector for protons and low-energy deuteron beams under detailed study at present. The current
parameter values are to be considered as a basis for a feasibility assessment of the ESS linac components and consist
in 75 mA of proton current, 20 Hz repetition rate using 1.5 ms proton pulses and two 352/704 MHz bunch frequencies
with a single frequency jump. The accelerator structures either planned or under development at present are meant to
satisfy such stringent demands. A number of applications of proton and neutron beams have already been envisaged.
Here we report on the state of our conceptual design for the proton/neutron converter which basically consists on a
rotating beryllium target.
2. Neutron Source
Neutron yield angular distribution is one of the critical issues in low energy targets due to the low eﬃciency of
the process (around 1 neutron every 20 protons), and the neutron performance optimization will be critical. Suitable
candidates as target materials are light ones such as Lithium, Beryllium or Carbon; all of then could produce neutrons,
but the most eﬃcient in total and forward direction is beryllium (table 1), as consequence, it is the natural election as
target material.
Material Neutron yield Neutron at 1 m on Neutron yield Neutron ﬂux at 1 m
[n/p] forward direction (Average energy on forward direction
[n/cm-p] spectra)[MeV/n] (Average energy
spectra) [MeV/n]
Lithium 3.98E-2 1.07E-6 7.3 14.3
Beryllium 4.96E-2 1.28E-6 8.37 13.9
Carbon 2.33E-3 5.19E-8 5.42 6.84
Table 1: Neutron production of diﬀerent target materials, estimated with MCNPX & ENDEF-VII
Total neutron production could be an adequate ﬁgure of merit for the material eﬃciency as target when dealing with
experimental lines needing a moderator-reﬂector system, because these elements will homogenize the cold neutron
angular distribution reducing the importance of the initial angular distribution. However, there are other possible
experimental lines in which a clean direct view of the target is needed, and therefore source angular distribution is
critical.
Our study of the neutron angular distribution was performed in a two step simulation with MCNPX code [1].
First we have calculate and registered the surface particle ﬂux produced by the interaction between 40 MeV protons
and small radius beryllium cylinder using ENDF-B-VII cross section data library [2], which produces neutron yield
results similar to the experimental ones in the energy range of our interest [3], with the aim of obtaining an equivalent
cylindrical surface source. Regarding the angular distribution, the conclusion of the experiments of Iwamoto [3]
performed with 10 MeV protons is that the library ENDEF-VII adequately reproduces the angular distribution of the
neutron source so that we can qualify the estimates in this document as appropriate and reliable for a preliminary study.
Nevertheless it will be convenient for subsequent phases of this study to conﬁrm the results based on experiments
performed with protons in our energy level.
Second we use that cylindrical surface source to calculate time and energy distribution on 5 point detector angu-
larly distributed at a distance of 1 m (Figure 1). This procedure is required because of the vast amount of protons (and
its corresponding calculation time) needed to obtain a good statistic in the results, due to the low neutron production
rate, and it allows performing multiple geometry calculations with reasonable computational cost.
In addition to this, MCNPX point detectors by default consider surface sources as emitting an isotropic distri-
bution, and this standard conﬁguration can only be modiﬁed to introduce a limited anisotropy. That anisotropy is
bound to the geometry of the surface source (and its local directing vectors), rather than to the actual trajectory of
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the particles emitted, given by an actual physical process, which has previously been simulated in the ﬁrst step. This
means every particle is statistically contributing to the tallying despite its anisotropic generation; the estimation with
this technique is not correct if the source is angular dependent. In order to solve this problem we have modiﬁed the
angular probability distribution to account only for the direct contribution of the source if the trajectory of the particle
intersects the point detector sphere. This modiﬁcation does not provide a signiﬁcant reduction of the computational
time for the isolated target, but, since it only aﬀects unperturbed particles coming directly from the source, it will
allow point detectors to perform a good background estimation while scoring a right direct source contribution to their
tally when, in a second phase of these studies, neutrons might be scattered by auxiliary elements introduced where
there is only vacuum now.
Figure 1: Point detectors position. 1 m far from beryllium target.
Total neutron yield is close to 5 · 10−2 neutrons per proton with an average neutron energy of 8,4 MeV. Figure
2 shows energy spectra of neutrons emitted in all directions. This energy distribution shows a signiﬁcant neutron
production in the fast (high energy) range that could be of interest if time distribution is right for TOF (time of ﬂight)
experiments. Figure 2 shows time distribution for neutron energies between 8 and 10 MeV with a pulse width of 2-2.5
ns, with this width for the neutron pulse it will be possible to use a kicker to select 10-20 bunches of each pulse of our
beam of protons (the working frequency of the accelerator will be 352.2 Mhz, so that the width of each bunch will
be 0.5 ns, therefore, selecting groups of 10-20 bunches per pulse of protons we will have a pulse with a width of
7-12 ns) for a neutron pulse with a length slightly over 10 micro-s. If TOF line length is enough (15-20 m) it should
be possible to make measurements of scattering cross sections over the fast neutron regime; however, a direct view of
the target is needed in order not to disturb neutron energy spectra.
In order to summarize neutron source analysis we can conclude that we have two diﬀerent types of possible
experiments:
Time of ﬂight (TOF): In these experiments we make direct use of the unmoderated high-energy neutrons. We need
a direct view of the target without any light material in the visual line (0.5 mm of water will reduce source brightness
by 30%) and we are going to use only several bunches of the beam so total energy will be around 10 % of the total
power (∼ 9 − 10kW).
Low energy neutrons (LEN): In these experiments we employ a moderator-reﬂector system to generate slow
neutrons from the full power (90kW) proton beam on the Be target. Moreover, a direct view of the source should be
avoided in order to reduce the fast neutron ﬂux over low energy instruments.
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Figure 2: Neutron energy distribution (right). Neutron Flux. Energy: 8-10 MeV (left)
3. Thermomechanical conditions
Target requirements for both type of experiments TOF an LEN are not compatible due to conditions of direct view
and total energy deposition. In the case of TOF, the target cannot be cooled using a layer of water between the target
and the beam lines as in the LENS design [4]. In LEN experiments we need to moderate neutrons and its layer of
water does not have any negative eﬀect. Both target designs have to be implemented on common layout in order to
design a ﬂexible installation that could be useful in both experimental areas.
3.1. Thermomechanical conditions: Conduction target for TOF
The penetration length of 40 MeV protons over beryllium is around 1-1.3 cm and that is the minimum thickness
needed to be able to guarantee interaction of all protons. The energy deposition proﬁle of this protons has a very
intense Bragg peak with a sharp thermal gradient, which is associated to a high thermal stress. In order to reduce
the stress we introduce thermal expansion gaps to allow deformation of the beryllium slab. Figure 3 shows the ﬁnal
conﬁguration of the target element with 3 beryllium slabs, each of 3 mm thickness, with 2 expansion gaps in between
slabs and aluminum casing. Cooling of the system is achieved via heat conduction to the water cooled bottom surface
of the beryllium slabs, as is shown in Figure 3.
Figure 3: Conduction cooled elements
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Figure 4: Maximun temperature and Von Misses thermal stress of beryllium elements with 25mA@0.5Hz@1ms
These beryllium elements can withstand an average beam intensity of 12.5μA for 4 cm beam radius (2 Gaussian
distribution inside beam radius and 0.5 kW of heat deposited). This average intensity matches 25 mA of peak intensity,
a repetition rate of 0.5 Hz and 1 ms pulse length. As we can see on Figure 4 the temperature remains very low and
thermal stress is below 1/3 of beryllium yield stress limit so fatigue should not be a problem.
In order to distribute the energy of the beam we need 40 elements moving in a rotating geometry, as shown in
Figure 5. This rotating design will allocate total beam power distributed in a large volume. The structural integrity
of the elements is guaranteed and hydrogen can be implanted along this volume, resulting in an expected lifetime of
several months until failure. Moreover, the absence of any coolant (e.g., water) in contact with the beryllium will
eliminate the radiolysis-induced corrosion of the target, and the neutron emission spectrum in the forward direction
will be close to that of pure 9Be(p, xn) reaction. Radius of the wheel is 80 cm and maximum total power is 20 kW,
enough for TOF experiments beam conﬁguration.
Figure 5: Rotating target weel with 40 target elements
3.2. Thermomechanical conditions: cooled by water to LEN
The previously shown conﬁguration is not enough to support all nominal beam power ( 90 kW) that is needed on
LEN experiments. Increasing the number of elements is not possible without increasing the complexity and size of the
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Figure 6: Water cooled elements
installation layout. We propose a second cooling scheme for the elements, which is shown in Figure 6. In this scheme
we have a layer of water cooling a single beryllium slab on the side opposite to the beam incidence. LEN experiments
need to include a moderator so this layer of water will have a premoderation eﬀect that can be compensated in the
moderator design.
In order to maintain the common layout for both type of experiments we implement a rotating design with 40 of
this elements so each one will support 75mA@0.5Hz@1.5ms. Temperature and thermal stress under beam conditions
is shown on Figure 7. It is clear that these elements will operate in very safe conditions at low temperature and far
from 1/3 of the beryllium maximum yield stress, so mechanical integrity is guaranteed. In fact, as it is shown in these
ﬁgures, a frequency of up to 1.5 Hz could be withstood without mechanical threats.
As before, the rotating design will allow to distribute hydrogen implantation in a large volume and also it will
mitigate corrosion eﬀects. We can expect several months of full operation power before the failure.
Figure 7: Maximun temperature and Von Misses Stress in beryllium slab cooled by water. Beam parameters 75mA@1.5 ms
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Figure 8: Thermal-Cold neutrons conﬁguration for target system
4. Conclusions
This initial study for a low energy target in ESS-BILBAO facility deﬁnes two diﬀerent conﬁgurations that could
allow neutron experimental applications on high energy (∼ MeV) and thermal-cold range. We have proposed exper-
imental layout conﬁgurations, shown in Figs. 11 and 12, that share all external elements (cooling system, engines,
bearings) however target elements of the wheel, moderator and maybe several parts of the deﬂector will need to be
removed for the TOF experiments in order to have a direct view of the target on forward direction.
Additional studies are needed in order to determine lifetime of the target elements due to hydrogen implantation
and water corrosion eﬀects reported by LENS[5] before starting the engineering and prototyping process, but the
present propose constitutes an adequate baseline design for ESS-BILBAO target system.
Figure 9: TOF taget conﬁguration
 F. Sordo et al. /  Physics Procedia  26 ( 2012 )  124 – 131 131
Acknowledgments
This work has been possible thanks to the support of the computing infrastructure of the i2BASQUE academic
network
References
[1] G. McKinney, Mcnpx user’s manual. version 2.6.0.
[2] M. Chadwick, P. ObloÅinsk, M. Herman, N. Greene, R. McKnight, D. Smith, P. Young, R. MacFarlane, G. Hale, S. Frankle, A. Kahler,
T. Kawano, R. Little, D. Madland, P. Moller, R. Mosteller, P. Page, P. Talou, H. Trellue, M. White, W. Wilson, R. Arcilla, C. Dunford,
S. Mughabghab, B. Pritychenko, D. Rochman, A. Sonzogni, C. Lubitz, T. Trumbull, J. Weinman, D. Brown, D. Cullen, D. Heinrichs, D. Mc-
Nabb, H. Derrien, M. Dunn, N. Larson, L. Leal, A. Carlson, R. Block, J. Briggs, E. Cheng, H. Huria, M. Zerkle, K. Kozier, A. Courcelle,
V. Pronyaev, S. van der Marck, Endf/b-vii.0: Next generation evaluated nuclear data library for nuclear science and technology, Nuclear Data
Sheets 107 (12) (2006) 2931 – 3060, evaluated Nuclear Data File ENDF/B-VII.0. doi:10.1016/j.nds.2006.11.001.
URL http://www.sciencedirect.com/science/article/pii/S0090375206000871
[3] Y. Iwamoto, Y. Sakamoto, N. Matsuda, Y. Nakane, K. Ochiai, H. Kaneko, K. Niita, T. Shibata, H. Nakashima, Measurements of
double-diﬀerential neutron-production cross-sections for the 9be(p,xn) and 9be(d,xn) reactions at 10 mev, Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment 598 (3) (2009) 687–695.
doi:10.1016/j.nima.2008.10.019.
URL http://www.sciencedirect.com/science/article/B6TJM-4TS6SFK-1/2/7ac12aa52ef0298f36ab0f07368f295b
[4] C. Lavelle, D. Baxter, A. Bogdanov, V. Derenchuk, H. Kaiser, M. Leuschner, M. Lone, W. Lozowski, H. Nann, B. Przewoski, N. Remmes,
T. Rinckel, Y. Shin, W. Snow, P. Sokol, Neutronic design and measured performance of the low energy neutron source (lens) target moderator
reﬂector assembly, Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment 587 (2-3) (2008) 324 – 341. doi:10.1016/j.nima.2007.12.044.
URL http://www.sciencedirect.com/science/article/pii/S0168900208000028
[5] T. Rinckel, P. E. Sokol, Target Failure Report, internal report LENS (2006).
